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1. Introduction 
 

Targeted delivery of imaging and therapeutic agents to cancer ce lls is thought to  be effective 
diagnostic and therapeu tic m odalities to diagn ose and treat breas t can cer1,2. Application of lipid-
based platform for the delivery appears to be one of the m ost promising approaches due  to  a lo w 
toxicity and biodegradable nature o f this platf orm3.  Thus far, liposomes have been extensively 
utilized to develop various de livery system s.  There are several p roblems, however, with  the 
liposome delivery system that needs to be overcom e to improve the specificity and effectiveness of 
the delivery4.  

 First, liposomes that are currently availabl e have relatively large size, i.e., 100-200 nm, a nd 
can be effectively captured by reticuloendothelial system decreasing the specificity and effectiveness 
of targeting.  

Second, incorporation of ligands into the lipos omes that determ ine the specificity of the  
targeting often requires chem ical modification of these ligands that  could resu lt in  loss of  ligands 
biological activity.  

Third, ligands that are often used for specific targeting of liposomes are not natural ligands of 
receptors of interest an d, therefore,  less likely would induce endocytosis; m eanwhile, the latte r 
facilitates both specificity and effectiveness of the targeting. In addition, natural ligands are less  
likely to be immunogenic as opposed to antibodies that could elicit unwanted immune response.  
 
We propose to developed novel lipid-based nanopa rticles that have size  around 10 nm  and possess 
next features: 
 

 (i) hydrophobic core surrounded by lipid based monolayer that results in form ation of 
biodegradable nanoparticles with increased stability; 

 
(ii) conjugation of i maging and therapeutic agen ts with lipid components of the nanoparticle  

core that re sult in s table en trapment of  the a gents leadin g to in creased spec ificity of  ta rgeted 
delivery;  

 
(iii) incorporation of Ni-NTA m oieties into lipid shell tha t permits effective immobilization 

of protein ligands on the nanopart icles surface via C-term inal he xahistidyl-tag and  bypasses any 
chemical modifications of the ligands.  
 
In this grant, we have proposed to dem onstrate in  proof-of principle the fa brication feas ibility of 
such universal multimodal lipid-based biodegradable platform. We will m easure the size, stab ility 
and in vitro specificity of the nanoparticles. These data will be used for submission a grant to further 
improvement of the nanoparticles and study the nanopa rticle specificity and effectiveness of the 
delivery of imaging and therapeutic agents in vivo. 
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2. Body 
 

2.1. Research Overview 
 
Targeted delivery of imaging and th erapeutic agents to can cer or infected cells is o ne of the m ost 
effective diagnostic an d therapeutic m odalities to  treat h uman diseases. Rapid developm ent of 
nanotechnology opens new possibilities to design va rious nanoplatforms to combine imaging and/or 
therapeutic agents for targeting delivery. The m ost widely  used nanoplatform s thus far are 
semiconductor quantum dots, iron oxide and gold na nocrystals, dendrimers or small sized unifor m 
polymer, a nd various lipid-based nanoparticles 2,5. A common pr oblem in developing the 
nanoplatforms is in vivo nanoparticle biodegradability, which is related to particles short- and long-
term toxicity. The lipid-based na noparticles are an excellent exam ple of non-toxic and com pletely 
biodegradable nanoparticles. 
 
To develop universal m ultimodal lipid-based nanoparticles that could carry  imaging compounds for 
visualization cancer cells, we have opted to create lipid-based nanoparticles com posed of 
hydrophobic cholesterol esters core6 and PEGylated shell lipids. W hile the shell is d esigned to carry 
imaging agents, it is prim arily made to contain m etal-chelating gro ups that attached targ eting 
molecules to the nanoparticles through interaction with  targeting m olecule His-tag. The core  
stabilizes nanoparticles and can al so bear im aging agents. Im aging agents are being synthesized as  
Near Infrare d (NIR) dye-lipid con jugates7. The nanoparticles are to be  conjugated with a natural 
ligand as well as with a recom binant Fab fragment of antibody and used to investigate their binding 
to target cell surface an d stability in serum cont aining media. These da ta will prov ide information 
about potential of the nanoparticles as in vivo imaging agent. 
 
The research therefore consists of three major parts: 
 
(i) Synthesis of im aging agents (NIR dye-lipid  conjugates and Gd-lipid chelates) and   
nanoparticles building block (core component); 
 
 
(ii) Nanoparticles assembly and size measurements; 
 
 
(iii) In vitro imaging of model cells with the lipid nanoparticles and studying their stability. 
 
The project is ongoing and the obtained results presented and discussed below. 
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2.2. Results 
 

2.2.1. Synthesis of imaging agents 
 
Synthesis of pyropheophorbide a (Pyro). 
 
Synthesis of Pyropheophorbide a (λabs 660 nm, λem 725 nm ) from  Spirulina Pacifica algae is 
presented in Scheme 1.  

 
1.5 g of Pyro-acid was obtained from  1.5 kg of Spirulina Pacifica. Py ro-acid was used in syntheses 
of im aging com ponents both for the nanoparticle s core (Pyro-CE-OA) and shell Pyro-PE ( vide 
infra).  
 

Scheme 1. Synthesis of pyropheophorbide a 
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Synthesis of 1-palmytoyl-2-pyropheophorboyl-sn-glycero-3-phosphatidyl-ethanol 
amine (Pyro-PE) 
 
Synthesis of Pyro-PE from N-Boc protected Lyso-PE and Pyro acid is depicted in Scheme 2. (This is 
an original synthesis. The deta ils will be published in article 7, which is s ubmitted to the Journa l of 
the American Chemical Society. See Appendices.) 
 

 
40 mg of Pyro-PE was obtained and used for shell image loading of the lipid nanoparticles. 

 
 

Scheme 2. Synthesis of 1-palmytoyl-2-pyropheophorboyl-sn-glycero-3-phosphatidyl-ethano
amine (Pyro-PE) 
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Synthesis of 5-Androsten-17β-pyropheophorboyl-amino-3β-yl Oleate (Pyro-
CE-OA) 
 
We have developed a completely new two-step synthesis of 5-Androsten-17 β-
pyropheophorboyl-amino-3β-yl Ole ate (Pyro -CE-OA). This s ynthetic pathway is presented in 
Scheme 3. 
 

 
140 mg of Pyro-CE-OA was obtained and used for core image loading of the lipid nanoparticles. 
1H NMR (CDCl3): 9.37, 9.33, and 8.55 (each s, 1H, 5-H,  10-H, and 20-H of pyro); 8.00 (dd, J = 
17.7, 11.4 Hz, 1H, 3 1-CH=CH2 of Pyro); 6.28 (d, J = 17.7 Hz, 1H, trans-32-CH=CH2 of pyro); 
6.17 (d, J = 11.4 Hz, 1H, cis-32-CH=CH2 of pyro); 5.31 (m , 3H, 2 x vinyl-H and 6-H of oleate), 
5.23 (ABX, 2H, 132-CH2 of pyro); 5.02 (m, 1H, N-H of cholesterol), 4.55 (m, 2H, 18-H of pyro, 
3-H of cholesterol); 4.35 (m , J = 7.8 Hz, 1H for 17-H of pyro); 3.75 (m , 1H, 17-H of 
cholesterol), 3.63 (q, J = 7.4 Hz, 2H, 8-C H2CH3 of Pyro); 3.47, 3.46 and 3.23 (each s, 3H, 12-
CH3, 2-CH 3 and 7-CH 3 of pyro); 2. 71 and 2.46 (each m , 2H, for 2 x 17 1-H and 2 x 17 2-H of 
pyro); 2.22 (m, 6H of cholesterol oleate), 2.10-1.75 (m, 11H of cholesterol oleate), 1.70-0.95 (m, 
39H of cholesterol oleate), 1.82 (d, J = 7.2 Hz, 3H, 18-CH 3 of Pyro); 1.65 (t, J = 8.3 Hz, 3H, 8-
CH2CH3 of pyro), 0.88 (m , 6H, 19- CH3 of cholesterol and term inal CH3 of oleate), 0.32 (s, 3H, 
18-CH3 of cholesterol). 
 

Scheme 3. Synthesis of 5-Androsten-17β-pyropheophorboyl-amino-3β-yl Oleate (Pyro-CE-OA) 
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Synthesis of diethylenetriamine pentaacetic acid bis-stearylamide Gagolinium 
salt monohydrate (DTPA-DSA-Gd)  
 
Synthesis of diethylenetriamine pentaacetic acid bis-stearylamide (DTPA-DSA).  

 
Diethylenetriamine pentaacetic acid  (DTPA) di anhydride (1.965 g; 5. 5 mmol, Aldrich) was 
dissolved in 200 ml of anhydrous DMF (ACROS) at 40 °C. Octadecylamine (stearyl amine, SA, 
Aldrich) (2.695 g; 10 mmol) was disso lved in 250 ml of anhydrous CHCl 3 (ACROS) and added 
dropwise at 40 °C. The reaction m ixture was stirred at 40 °C 2h, then cooled down and stored 
overnight at 4 °C. The white p recipitate was  filt ered off, washed with acetone (0.5  L, Fisher) 
dried, th en heated in b oiling ab solute ethano l (1 L, Fisher ) and f iltered hot. The f iltrate was 
cooled down and th e precipitate was filtered o ff and air-d ried. The resulting crude p roduct was 
boiled in chloroform for 3 h. Afte r filtration the solid was stirred in 1 L of boiling water 3h. The 
dry residue was crystallized from  2 L of absolute  e thanol. The white  crysta ls were f iltered off 
and dried under vacuum. Obtained 3.22 g of DTPA-DSA (71.8 %). MALDI-TOF (895 [M]+, 918 
[M+Na]+). 1H NMR (500 MHz, CF 3COOD, 305 K, δ ppm, ref. CF3COOH, 11.62 ppm): 4.58 (s, 
4H, CH2), 4.56 (s, 4H, CH2), 4.18 (s, 2H, CH2), 4.1 (m, 4H, CH2), 3.8 (m, 4H, CH2), 3.41 (t, 4H, 

Scheme 4. Synthesis of diethylenetriamine pentaacetic acid bis-stearylamide (DTPA-DSA) 
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CH2), 1.6 (m , 4H, CH 2), 1.3 (m , 60H, CH 2), 0.9 (t, 6H, CH 3). TLC 
(CHCl3/MeOH/H2O/CH3COOH, 25/15/4/2, v/v) Rf = 0.4. 
DTPA-DSA was used for Gd3+ loading. 
 
Synthesis of DTPA-DSA-Gd monohydrate. 
 

Gadolinium (III) chloride hexahydrate (408.3 m g 1.1 mmol, Aldrich) was dissolved in water (1 
mL) and added to a mixture of DTPA-SA (896.3 m g, 1 mm ol) and dry pyridine (30 mL, 
ACROS). The reaction m ixture was stirred overnight at 70 °C. Th e volatiles were evapora ted 
under reduced pressure. The residue was heated at reflux in ethanol (0.5 L) 1h. Then most of the 
solvent was evaporated until 100 m L volume and the product was precipitated into  water (1 L ). 
The solid greenish crystals were filtered off,  washed with water (3x300 m L) a nd dried in 
vacuum. The absence of free gadolinium was checked with xylenol orange indicator. Yield 890.1 
mg (83.3%). MALDI-TOF 1091 [M+Na]+. 
DTPA-DSA-Gd monohydrate is to be incorporated into the lipid nanoparticles shell for MRI and 
multimodal imaging. 
 

Scheme 5. Synthesis of DTPA-DSA-Gd monohydrate 
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2.2.2. Synthesis of core components 
 
Synthesis of 5-Androsten-17β-Boc-amino-3β-yl Oleate (BOC-CE-OA, Scheme 
6) 
 

Synthesis of 5-Androsten-17β-Boc-amino-3β-ol (BOC-CE) 
Di-tert-butyl dicarbonate (420 g, 1.90 mmol) was added to a solution containing 5 androsten-17β 
-amino-3β-ol (475 mg, 1.64 mmol) and triethylamine (0.27 mL, 1.94 mmol) in dichlorom ethane 
(50 mL). The reaction m ixture was stirred at ro om temperature for 2 days. Evaporation of the 
solvent gav e a white residue. This crude  product was purified by silica gel colu mn 
chromatography (30% ethyl acetate  in hexanes) to give BOC-CE  as a white so lid in 95% yield  
(610 m g, 1.57 mm ol). Mp: 168-172 °C; ex act m ass calcd: 389.3; found by ESI-MS: 390.4 
(MH+). Anal. Calcd for C24H39NO3: C, 73.99; H, 10.09; N, 3.60. Found: C, 73.52; H, 10.39; N, 
3.19. 1H NMR (CDCl 3): δ 5.34 (m, 1H, 6-H), 4.42 (brs, 1H, N- H), 3.53 (m , 2H, 3-H + 17-H), 
2.27 (m, 2H), 2.17-1.92 (m, 2H), 1.90-1.70 (m, 3H), 1.69-1.49 (m, 6H), 1.48-1.32 (m, 3H), 1.44 
(s, 9H for tert-butyl), 1.31-1.15 (m, 2H), 1.15-0.95 (m, 2H), 1.00 (s, 3H, 19- CH 3), 0.67 (s, 3H, 
18-CH3); 13C NMR (CDCl3): δ 156.2, 141.1, 121.5, 79.2, 71.9, 60.5, 53.0, 50.4, 42.8, 42.5, 37.5, 
37.2, 36.8, 32.3, 31.8, 31.7, 29.0, 28.6, 28.6, 28.6, 23.7, 20.9, 19.6, 12.0. 
 

Scheme 6. Synthesis 5-Androsten-17β-Boc-amino-3β-yl Oleate (BOC-CE-OA) 
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Synthesis of 5-Androsten-17β-Boc-amino-3β-yl Oleate (BOC-CE-OA) 
 
Oleoyl chloride (710 mg, 2.35 mmol) was slowly added into a 20 m L pyridine solution of BOC-
CE (610 mg, 1.57 mmol). After 2 h, the reaction m ixture was poured into 40 m L of icewater. It 
was filtered and washed with water three tim es to give a cru de residue. This crude product was 
then ch romatographed on silica co lumn with 10% ethy l a cetate in he xanes to  af ford the  title 
compound as sticky solid in 60% yield (615 mg, 0.94 mmol). Exact mass calcd: 653.5; found by 
ESI-MS: 654.6 (MH +). Anal. Calcd  for C 42H71NO4: C, 77.13; H, 10.94; N, 2.14. Found: C, 
77.35; H, 11.41; N, 1.76. 1H NMR (CDCl 3): δ 5.32 (m, 3H, 6-H + 2 x vinyl-H of oleate), 4.58 
(m, 1H, 3-H), 4.41 (brs, 1H, N-H), 3.52 (m , 1H, 17-H), 2.28 (m , 4H), 2.17-1.70 (m , 10H), 1.61 
(m, 8H), 1.50-1.38 (m, 2H), 1.43 (s, 9H for tert-butyl), 1.37-0.95 (m, 23H), 1.00 (s, 3H, 19-CH3), 
0.85 (t, 3H, term inal CH3 of oleate), 0.65 (s, 3H , 18-CH3); 13C NMR (CDCl 3): δ 173.3, 139.4, 
130.1, 129.9, 122.4, 78.1, 73.7, 60.5, 52.8, 50.2, 42.7, 38.3, 37.1, 37.0, 36.8, 34.8, 32.2, 32.1, 
31.7, 29.9, 29.8, 29.7, 29.5, 29.5, 29.3, 29.3, 29.2, 29.2, 28.9, 28.6, 28.6, 28.6, 27.9, 27.4, 27.3, 
25.2, 23.7, 22.8, 20.7, 19.5, 14.3, 11.9. 
 

2.2.3. Assembling the nanoparticles 
 
To assem ble nanoparticles, we com bined ch loroform solutions of PEGylated lipids (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-1000]), m etal-
chelating lipids (1,2-dioleoyl- sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic 
acid)succinyl]), cholesterol es ters a nd lip ids c onjugated with im aging agents.  Excess of  th e 
PEGylated lipids (70-80%) provided the for mation of  lipid monolayer shell to avoid creation of 
a bilayer  shell tha t wou ld sign ificantly increase the s ize of the lipid particles. 20% of DOGS-
NTA containing lipids allowed to m aximize the density of m etal chelating groups and, 
consequently, the density of ligands bound to the nanoparticles and th e strength of His 6-tagged 
ligand interaction with the m etal chelating groups8. 10-15% of cholesterol esters were sufficient 
to completely fill out the interior space of the nanoparticles that served as the nanoparticles core. 
When the content of the core lipids was increa sed the lipid precipitation was observed indicating 
that nanoparticle core can accommodate a limited amount of cholesterol esters molecules. 
Chloroform was removed with argon stream  and lipid film additionally dried under vacuum  for 
3hr. Lipids were hydrated under argon with hot  (65-80 °C) HBS buffe r (10 mM HEPES, 140 
mM Na Cl) by interm itted vortex and were cooled down in a water bath to room  temperature. 
Micelle suspension was filtrated through a 0.2 µm mini filter (Sterlitech) and kept under argon at 
4 °C. 
 

2.2.4. The nanoparticle size measurements  
 

To vary the particles size we us ed core lipids of different natu re. The nanoparticles without core 
were used as control. T he size of the resul ting nanoparticles was determ ined by dynam ic light 
scattering (Table 1 and Fig.1). The particles with cholesterol core had largest size (up to 20 n m) 
due to cholestero l m olecule interca lation betwe en the shell lipids. Af ter addition of  f atty acid  
moiety to cholesterol m olecule the nanopartic les size was decrease d due to strong hydrophobic 
interaction between core molecules. Nanoparticles containing cholesterol ester derivatives that 
formed intermolecular hydrogen bonds had a sm allest size, which approxim ately equal to the 
size of antibodies, with narrow size distribution pattern.  
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Table 1. Dependence of the lipid nanoparticles size on the core content 
 
Name of t
nanoparticles 

PEGylated  
lipid, % 

Ni-NTA 
lipid, % 

Core lipid, name and % Size, nm 

A 78 22 N/A 
 

10.1±5.4 

B 70 20 10 (cholesterol ester) 

 
 

12.8±7.3 

C 70 20 10 (BOC-CE-OA) 

  

  8.4±3.4 

D 70 20 10 (cholesterol) 

 

19.7±9.1 

 

Figure 1. Size distribution of 
nanoparticles from Dynamic Light 
Scattering analysis (A, B, C, D – see 
Table 1) 
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2.2.5. Formation of fluorescent nanoparticles 
 
To endow lipid nanoparticles wi th fluorescent properties the porphyrin-based fluorophore, i.e. 
pyropheophorbide a was utilized. The pyropheophorbide a is ex cited by near in frared light that 
easily penetrates into live tissues and can  be used for im aging and ki lling of brea st cancer cells  in 
vivo. To make fluorescently labeled lipid nan oparticles we used two  dif ferent strateg ies: lip id-
conjugated fluorochrome was introduced into either core or shell lipids of the nanoparticles. Pyro-
CE-OA that contains cholesterol oleate m oiety has been included in the na noparticle core while 
pyropheophorbide a conjugated with phosphatidylethanolam ine (Pyro-PE) have been incorporated 
into the shell.  
Before the assem bly of the nanop articles each fl uorescent conjugate was disso lved in chlo roform, 
and absorption of the solution was m easured at 410 nm. Using the extinction coefficient for P yro 
that was determ ined as we described early ( ε = 110,000 M -1cm-1)7 we were able to calcu late the 
concentration of the Pyro conjugate solutions. T o avoid self-quenching process we included only 3 
mol% of fluorochrome molecules into the nanopart icle. To core form ation we used acylated am ino-
cholesterol (BOC-CE-OA) este r th at form ed sm allest NP (diam eter 8 nm , Fig. 1, Tab. 1). For 
comparison reasons, we have also utilized DiI (Inv itrogen), a lipophilic analog of an FDA approved 
carbocyanine dye, that was introduced into the lipid shell. 
 
2.2.6. Functionalization of the nanoparticles with His6-tagged protein 
 
Elevated expression of cell surf ace receptors such as HER-2/neu9-16 or integrin αvβ3 or α5β1 have 
been noted on breast cancer cells that is essential to tumorigenesis17. Every so often intrinsic affinity 
of receptor to natu ral ligands or peptidomimetics is relativ ely low ( ≈ 10 4 L/M). Nevertheless we 
expect stron g m ultivalent binding of the nanopartic les carrying lig ands the specif ic recep tors on 
breast cancer cells  according to our previous  data 18. To test this hypothesis  we used a m odel cell-
nanoparticle system , which consists from  nanopart icles functionalized with ICAM-1 ligand that  
recognized αLβ2 integrin and CER-43 hum an T cell line  over-expressing the la tter molecule on  the 
cell surface. We expressed soluble recombinant ICAM-1 pro tein containing  His 6-tag on the C-end 
of the m olecule in Drosophila cell system  and purified by affinity chrom atography on m onoclonal 
antibody against human ICAM-1 (HB9580, ATCC) (data not shown). 
The nanoparticles functionalization included two st eps. (i) To load NTA-DOGS shell lipids with 
Ni2+ a Bio-Rad m ini colum n with cut off 6 kDa was equilib rated with 100 m M NiSO 4, and the  
nanoparticles solution at total lip id concentration of 5 mM was passed through the column to 
exchange the buffer. After 30 m in of incubation unbound N i2+ ions were rem oved by an additional  
cycle of  gel f iltration on the Bio-Rad m ini colu mn pre-equilib rated with HBS buf fer. (ii) The 
resulting nanoparticles containing im aging agent (see section 2.2.5.) at total lipid concentration 
around 5 mM were m ixed with equal volum e of the His 6-tagged recombinant ICAM-1 at different 
concentrations (up to 100 µM). The mixture was incubated at room temperature during 10 m in and 
desirable amount of PBS with 1% BSA was added.  
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2.2.7. Analysis of the nanoparticle specificity by Flow Cytometry 
 
To analyze binding specificity of ICAM-1-
NPs two different NPs were used: (i) NP  
containing fluorescent lipid conjugate in 
the core (ICAM-1-NP-Pyro-CE-OA) and 
(ii) NP with f luorescent lipids in th e shell 
(ICAM-1-NP-Pyro-PE). The NP were 
added to CER-43 cells in PBS buffer  
containing 1mM Ca2+, 1 mM Mg2+ and 1% 
BSA. About 10 nm ol lipid was used per 
200,000 cells. Control cells were stained 
with unloaded particles. The cells were 
incubated for 3hr at 37 °C, washed free of 
unreacted reagents and analyzed by  Flow 
Cytometry. As shown in Figure 2A and B 
the loaded nanoparticle s specifically stain 
CER43 cells without significant 
background. The cells incubated with 
ICAM-1-NP-Pyro-PE stain ed m ore 

intensely (h igher MFI) than ICAM-1-NP-Pyro-
CE-OA treated cells. 
The staining was highly sensitive (Kavidity ∼ 8 
nM) presumably due to multivalent nature of 
ICAM-1-NP (Fig. 3).  
To understand better the difference in the 
staining pattern of NP containing different 
fluorescent conjugates we investigated changes 
of the cell MFI as function of time (Fig. 4A and 
B). As clearly evid ent from  Figure 4 the 
fluorescence of the cells stained with  ICAM-1-
NP-Pyro-PE dram atically inc reased while 
fluorescence of the cells  incubated with ICAM-
1-NP-Pyro-CE-OA stayed constant. W e suggest 
that shell-associated fluorescen t lipids can 
exchange with cell m embrane lipids allowing  
accumulation of fluorochrom e in the cell 
membrane of target cells thu s increas ing 

intensity of cell stain ing19. Pyro-CE-OA conjugate lipid s have much lower ab ility to accum ulate in 
the cell membrane. Moreover, after releasing content of endocytos ed NP in cytoplasm  Pyro-CE-OA 
conjugate lipids can aggregate limiting cell fluorescence due to self-quenching.  
 
 

Figure 2. Binding of ICAM-1-NP (3) to CER-43 cells 
expressing alphaLbeta2 integrins on the surface that 
specifically recognize ICAM-1 molecule: (A) ICAM-1-
NP-Pyro-CE-OA and (B) ICAM-1-NP-Pyro-PE. 
Untreated cells (1) and cells incubated with plain NP, 
i.e., untargeted nanoparticles (2) were used as 
negative controls. Fluorescence was excited at 633 
nm and emission was collected at 675 nm. 

Figure 3. The binding of ICAM-1-NP-Pyro-
CE-OA to CER-43 cells upon concentration 
of ICAM-1 is shown. Cells incubated with 
untargeted nanoparticles were used as a 
negative control. 
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2.2.8. Fluorescent image analysis 

 

  
Figure 4.  Time course of the cell staining using different ICAM-1-NP is shown. CER-43 cells 
were incubated in the presence of ICAM-1-NP-Pyro-PE (A) or ICAM-1-NP-Pyro-CE-OA (B) for 
30 min to 24 h. After repeated washing to remove free nanoparticles the cells were analyzed by 
Flow Cytometry. 
 

Figure 5.  Binding of ICAM-1-NP-Pyro-PE to the surface of live cells. CER-43 cells were 
stained with ICAM-1-NP-Pyro-PE for 3 hr at 37 °C. Plain NPs were used as a negative 
control. About 10 nmol of lipids was used per 200,000 cells. After washing procedure the 
samples were used for microscopy on a traditional wide field fluorescence microscope with 
Live Cell System. The probes near-infrared fluorescence were excited by Xenon Lamp at 
620/60 nm and emission was collected with 700/75 nm band pass filter. 
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The specificity of the  ICAM-1-NP-Pyro-PE bindi ng was also ev ident from  the ana lysis of 
fluorescence i mages of CER-43 cells incubated  with the NPs at 37 °C ( Fig. 5). The binding of 
untargeted NPs to the CER-43 cells was not observed  thus confirming specificity of the process (Fig 
5B).  Interaction of ICAM-1-NP-Pyro-PE with the surface of CER-43 cells leads to internalization of 
the NPs that is evident from punctate surface and intracellular staining (Fig 5A). The intensity of the 
staining and amount of internalized NP increased with time (data not shown). Thus, the imaging data 
confirm the NP targeting at the cell surface and subsequent receptor mediated uptake.  
To support the above data we used I CAM-1-NP loaded with well-characterized lipophilic tracer DiI. 

It is weakly fluorescent in aqueous enviro nment. However, it is highly fluorescent whe n 
incorporated into lipid m embranes such as plasm a, endos ome and lysosom e m embranes. After 
incubation of the CER-43 cells with ICAM-1-NP-DiI the staining pattern, i.e ., intensity, specif icity 
and localization of the fluorescent probe, was si milar to the f luorescence of the ICAM-1-NP-Pyr o-
PE treated cells (Fig. 6).  
 
2.2.9. Design of the anti-p185her2/neu peptidomimetic 
 
Peptidomimetic AHNP  (FCDGFYACYM DV) is an  exo-cyclic peptide that was rationally 
derived from the structure of the CDR-H3 l oop of the antibody h4D5 (Herceptin). The peptide 
keep the most of the antibody functional activity in vitro and in vivo whereas the affinity of the 
peptide (~300 nM) far less then the affinity of the whole antibody (0.1 nM). The lipid-based NPs 
represent an  ideal sc affold f or the  assem bly of  m ultivalent peptidom imetics with enhanced 
functional potential. 20 
We introduced three ad ditional elements in the peptidomimetics design: (i) His 6-tag on th e C-
terminus end for binding with Ni 2+-NTA group of the NPs;  (ii) repeated (EAAAK) 4 peptide 

Figure 6. CER-43 cells staining with DiI loaded ICAM-1-NP. CER-43 cells were stained 
with ICAM-1-NP-DiI as described in Figure 5. Samples were exited at 540/20 nm and 
emission was collected with D605/55 nm filter. 
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linker, forming alpha coil; (iii) short flexible linkers (GS and SG) between the elem ents (Fig. 7). 
The length of the alpha helical structure in th e C-end of the designed  peptidomimetics (AHNP-
His) approximately equal the length of the PEG,  which presum able have “brush” confor mation 
on the NP s urface21. Thus, introducing the alpha coil struct ure should increase accessibility of 
peptidemimetic binding site during recognition of Her2/neu on target cell surface.  
The peptide was synthesized and purified by Bachem Americas Inc.  
 

FCDGFYACYMDVGSLAEAAAKEAAAKEAAAKEAAAKAAASGHHHHHH 
       Cys2-Cys8 bond 
 

 
2.2.10. Interaction of AHNP-His with Her2/neu presented on the 
surface of breast cancer cell line SKBR-3 
  
To test AHNP-His for Her2/neu binding we ch ose SKBR-3 cell line that expressed around 10 6 
receptor molecules on the cell s urface. The cells  were detached with Cellstripper buffer 
(Cellgro). After washing pro cedure the cells  were resu spended in DPBS/1%BSA buffer 
containing various concentrati on of ANHP-Hi s peptidom imetics and incubated for 30 m in at 
4 °C. Then cells were sequentia lly treated with mouse anti-His 6-tag antibody (PentaHis, Qiagen)  
and Alexa488 conjugated goat anti-m ouse F(ab’)2  fragment. The pep tide binding was analyzed 
by Flow Cytom etry. As evident from  Fig. 8, the affinity of the AHNP-His interaction with the 
receptor on  the cell surf ace is much higher (>100 µM) then the a ffinity of  the paren tal 
peptidomimetic m easured by Biacore (350 nM) 22.  It has been shown that m any of the 
peptidomimetics presumably form multimeric aggregates with poorly defined structures and low 
specificity23. Moreover, fusion AHNP with streptavidin results in faster dissociation rate constant 
then the p arental AH NP peptide 20. Addition of the peptide linker on the C-end of the 
peptidomimetic also can influence on the dissociation rate constant of A HNP-His - Her2/neu. In  
agreement with this, Pyro-NP conjugated with  AHNP-His binds to the su rface of SKBR-3 cells 
only slightly better (20%) then unloaded NPs even at 10 µM peptide concentration  (data not 
shown).  

Figure 7. Structure of the AHNP-His peptidomimetic 
Bold: structure of binding site;  
Italic: amino acid sequence of alpha helical structure;  
Underline: His6-tag  

Figure 8. Binding of the AHNP-His peptidomimetic to the 
surface of the human breast cancer cell line SKBR-3 
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2.2.11. Conjugation of the NPs with HER2/neu-binding Affibody 
ligand 
 
To increase specificity and se nsitivity of targeting we deci ded to utilize anti-Her2 Affibody 
molecule, which is highly specific af finity ligand (K d  ≈ 50 nM, MW ≈14 kDa) selected agains t 
the extra cellular dom ain of Her-2/neu 24. The Affibody molecule  (Affibody AB, Sweden) 
contains a unique cysteine at the C-term inus that can advant ageously be used for direct 
conjugation.  
To conjugate of the Affibody with fluorescent NPs we incorporated 25 m ol% of m aleimide-
functionalized lipids (1,2-distearoyl- sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000], Avanti Polar lipids) in NPs composition.  
The affibody m olecules spontaneously generate ta il-to-tail dimm ers vi a a disulfide bridge 
between the C-term inal cysteines. Prior to  coupling via Cys resi due we incubated 150 µg  
Affibody in PBS buffer, pH 7.6 containing 20 m M DTT for 1 hour at room  temperature under 
argon. Excess of DTT was rem oved by passag e through  th e BioRad P 6 colum n and resu lting 
solution was immediately m ixed with 35 µl (5m M lipids ) m aleimide-functionalized NPs in 
coupling buffer (10 m M HEPES, 140 m M NaCl, pH 7.2). T he reaction was incubated at 25 °C  
for 1 hour under argon and additional 10 min with 1 mM cysteine solution to blocking unreacted 
maleimide group.  
The aliquots of NP coupled Affibody and control NPs treated with 1m M cy steine, as well as 
unmodified Affibody, were analyzed by reducing SDS-PAGE. The result obtained by PAGE is  
shown in Fig. 9, where the position of reduced Af fibody, Affibody dim ers and PEG2000-PE-
conjugated Affibody are indicate d. Although the probes were boile d with reducing SDS-PAGE 
sample buffer for 5 m inute the bands of the Affibody dimer were observe d in both unm odified 
and coupled Affibody s amples. It is suggested that a part of the protein irreversibly aggregated 
and likely is not active.  

 
 The coupled NPs were separa ted from free Affibody molecules by gel filtration. Elution profile 
of fluorescent NPs was  monitored by spectrophotom etrically, and concentration of the protein 
was evaluated with Bradford reagent. As evident from Fig. 10, a high proportion of the Affibody 
was coupled with NPs. The fractions containing  NPs were collected, concentrated using Am icon 
Ultra Centrifugal Filter and kept under argon at 4 °C.   

1 32M

50.2
37.6
29.2

20.0

7.1

High molecular 
weight aggregates
Affibody dimer

Affibody coupled with PEG-PE 
Unmodified Affibody

1 32M 1 32M

50.2
37.6
29.2

20.0

7.1

High molecular 
weight aggregates
Affibody dimer

Affibody coupled with PEG-PE 
Unmodified Affibody

Figure 9. SDS-PAGE analysis (18% gel, reducing conditions) of the NPs 
conjugated with the Affibody: unconjugated Affibody (line 1); the Affibody 
conjugated with PEG2000-PE of the NPs (line 2); uncoupled NPs (line 3) 
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The conjugated NPs (5 nm ol lipid s) were in cubated with s tripped SKBR cells at 4 °C for 30 
minutes. Aft er washing procedure the cells were  analyzed by Flow Cytom etry. Binding of the  
NPs to the cell surface was not observed presum ably due  to aggregated state of the Affibody 
molecules. 
 
2.2.12. NPs conjugation with 25-D1.16 Fab and analysis of binding 
specificity 
 
Although a peptidom imetics a nd Affibodies with antibody  like spe cificity see m to be very 
attractive due to sm all m olecular weight and consequently cost of the production, their low 
specificity and/or poor stability often preclude usage of these ligands in clinical practice. W e 
decided to use the recombinant Fab fragment of TCR-like antibody 25-D1.16 containing His6-tag 
on C-terminal end to confirm the feasibility of the NPs as a targeting nanocarrier. 
The recombinant Fab fragm ents of anti body 25-D1.16 recognizing pOV8 peptide from 
ovalbumin in assoc iation with H-2 Kb class I MHC were produced in  Drosophila melanogaster 
cells and were successfully used as a targeting protein in composite immunotoxin8,25.  
To assemble the targe ted NPs (Pyro-NP-Fab), 1  µl of Pyro-NPs (5mM lipids) with cholesterol 
oleate core were com bined with 1 µg 25-D 1.16 Fab and incubated for 10 m inutes at room 
temperature. To test the ability of Pyro-NP-Fab to recognize pOV8-K b proteins on the surface of 
live cells, mouse lym phoma cell line EL4 was pulse d with either cognate (pOV8) or irrelevant 
(VSV) peptide at 10 -5 M f or 1 h in com plete cultu re m edium. Cells were washe d and then  
resuspended in 100 µl of culture media containing the Pyro-NP-Fab. Additional negative control 
included the cells incub ated with u nconjugated NPs. The sam ples were incubated at 37 °C for  
different time interval, and after washing proced ure the cells  were analyzed by Flow Cytom etry 
on Beckm an Coulter FACS analyser. The Pyro-N P-Fab specif ically intera cted with ce lls 
presenting pOV8-Kb molecules on the cell surface (Fig. 11). The specificity of staining increased 
with time. Thus, antibody Fab fragments conjugated with the Pyro-NPs can be successfully used 
to specific targeting of cancer cells. 
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Figure 10. Separation of NPs coupled from free Affibody molecules 
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2.2.13. Influence of the core nature on NP stability 
 
The introduction of cholesterol esters derivatives into hydrophobic core of the NPs will enable us 
to produce the particles of a sm aller size. It has been show n that  cholesterol esters are m ajor 
constituents of the hydrophobic core of low-density lipoprotein particles26  that are very stable in 
blood. It also has been shown that decreased core rigidity (transition temperature) reduces the NP 
blood residence tim e27. We hypothesize that cholesterol esters  with high transition tem perature 
could also significantly improve stability of the NPs at conditions close physiological.  
To compare the stability of the NPs with different  core we decided to find the dependence of the  
binding and functional ac tivity of the ta rgeting NPs on tim e at 37 °C in the p resence of serum . 
As a lig and for targ eting we chos e the GL9- HLA-A2 complex, which was utilized in our 
previous work to compare binding specificity and functionality of the conjugated QDs18.  
HLA-A2 molecules co ntaining a His 6-tag a t the C-term inus were  expressed and purified as 
described elsewhere28. Empty HLA-A2 (67 µM) was loaded with GL9 at pep tide concentration 
of 100 µM overnight at 4 °C.  
At first, we examined the ability of the fluorescent NPs conjugated with GL9-HLA-A2 
(Pyro-NP-GL9-HLA-A2) to bi nd TCR on the surface of live  CTL CER43 that recognizes 
GL9 in the context of HLA-A2 . 1µl of NP solution ( at 5 mM lipids) was m ixed with 8 µl HBS 
buffer and 1.6 µl of GL9-HLA-A2 at concentration 50 µM. Mixture was incubated at room 
temperature for 10 min and 40 µl of RPMI with 10% FCS were added. 2x10 5 CER-43 CTL were 
washed and  then suspend in s erum m edia contai ning the conjugated NPs.  Control cells were  
loaded with unconjugated NPs. Staining procedure was done at 37 °C for 30 min. After washing 
procedure the sam ples were analyzed by Flow Cytom etry. After conj ugation with cognate 
GL9-HLA-A2 complex all N Ps, which had dis tinct core, were bound  to  th e su rface o f 
CER43 C TL albeit with different extent ( Fig. 12). The cells incubated with Pyro-NP-
GL9-HLA-A2 with c holesterol oleate core had the highest fluorescent intensity while 
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Figure 11. Binding specificity of Pyro-NP-Fab. EL4 cells sensitized with peptide pOV8 
(      )  but not with VSV(      ) peptide were specifically stained with NPs conjugated with 25-
D1.16 Fab. The cells incubated with unconjugated NPs (     ) did not show specific staining. 
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NPs with BOC-CE-OA core bound to the cells surface less effectively. This finding is in 
agreement with study the shel f-life of unc onjugated N Ps w ith different core. The NPs  
with BOC-CE-OA core started to precip itate after storage for 3 m onth at 4 °C. The NPs 
with cholesterol oleate core did not show any visible sign of precipitation even after 6 
month (data not shown). 
 

To confirm above data  w e co mpared th e 
dependence of the functional activity of the 
Pyro-NP-GL9-HLA-A2 w ith different core 
on time after incubati on at 37 °C. To answer 
the question, we used N Ps that display cognate  
GL9-HLA-A2 to stimulate T cells with known 
specificity a nd m onitor intrace llular Ca 2+ flux 
magnitude to measure stimulation.  
CTL (107/ml) was loade d with Fluo 3 according 
to the manufacturer (Molecular Probes) 
instruction. The cells  were was hed free of 
unreacted dye and were resuspended in the 
assay buffer (Dulbecco’s PBS containing 1 m M 
CaCl2, 0.1 m M MgCl 2, 1 mM CaCl 2 5m M 
glucose and 0.025% BSA) at 10 6/ml. 1  µl NP 
solution at 5 mM lipids was mixed with 70 pmol 
pMHC in total volum e 10 µl during 10 m in and 
prepared NP conjugates were incubated 
indicated time at 37 °C. After incubation the NP 
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Figure 12. Binding of Pyro-NP-GL9-HLA-A2 conjugates to the surface of live CER-43 CTL. 
GL9-HLA-A2 concentration was 1 µM; the binding was performed for 30 min at 37 °C. 
Although all Pyro-NP-GL9-HLA-A2 conjugates bind specifically to CER43 CTL, the 
conjugate with cholesterol oleate core demonstrates highest binding to the CTL (2), the NPs 
without core have intermediate ability to bind to the CTL surface (1), and the conjugate with 
BOC-CE-OA core have significantly reduced binding to live CER-43 CTL (3). 
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conjugates were added to 1 m l of the CTL sus pension and the sam ples were promptly analyzed 
on a Coulter Epics XL-MCL Flow Cytom eter. Th e data collection w as initiated as soon as 
possible (typically 20 s after m ixing of the conjugates and CTL) following the background 
measurements. The data were analy zed with Fl owJo software. After in creasing incubation tim e 
from 1 to 3 hours the cells trea ted by NPs without core as w ell as NPs with BOC-CE-OA core 
demonstrated the decreasing of m agnitude of Ca 2+ flux albeit at different extent ( Fig. 13). The 
NPs with cholesterol oleate core did not change the m agnitude of the Ca 2+ flux in CER-43 cells 
after increasing incubation time up to 3 hours at 37 °C. Moreover, the Pyro-NP-GL9-HLA-A2 
with cholesterol oleate core e ffectively induced CTL response even after 24-hour  
incubation at 37 °C in culture media containing 10% serum (Fig. 14).  
Thus, NPs with cholesterol oleate core have significantly improved stability at the conditions 
close to physiological ones. W e expect that addition of this core  component would help to build 
stable NPs with long circulation time and a lesser extravasation into the normal tissue. 
 

 
 
3. Key Research Accomplishments:  
 
We have successfully synthesized fluorescent lipi d conjugates that suitab le for NIR i maging:  
pyropheophorbide a with phosphatidylethano lamine, pyropheophorbide a with cholestero l, and 
pyropheophorbide a w ith cho lesterol oleate. We have  also synth esized a lipid  DTPA-Gd 
derivative for MRI and the nanoparticles core bu ilding block – an acylated cholesterolam ine 
oleate. 
 
We have assem bled four different  nanoparticles with core of different nature that affect on 
nanoparticles average size (from  8 nm for the sm allest nanopartic les to 19 nm  fo r the largest 
nanoparticles).  
 
We have fabricated two kinds of  fluorescent nanoparticles containi ng fluorescent lipids either in 
the core or in the shell.  
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Figure 14. Time-dependent changes in intracellular calcium concentration in CER43 CTLs 
induced by cognate Pyro-NP-GL9-HLA-A2 conjugate with cholesterol oleate core after 
preincubation of the NPs for indicated time at 37 °C in serum containing media.  
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We have conjugated the nanoparticle s with three different ligands via C-terminal His6-tag. The 
affibodies with C-term inal cysteine have  been conjugated w ith the nanoparicles via maleimide-
functionalized PEGylated lipids.  
 
We have showed the specificity  and m easured sensitivity of the conjugated fluorescent 
nanoparticles using in vitro model system.  
 
We have compared the stability of the nanoparticles with different  cores at the c onditions close 
to physiological ones. 
  

4. Reportable Outcomes: 
 
1. A.V. Popov. “Developing Molecu lar Probes and Nanoparticles for Im aging”. University of 
Pennsylvania. March 5, 2009. Seminar for Research Assistant Professor position application. 
2. Nadia Anikeeva, Yuri Sykulev, E. Jam es Delikatny, and Anatoliy V.  Popov. (2009) “Lipid-
Based Nanoparticles for Targeted Delivery of  Im aging Agents into Brea st Cancer Cells and 
Cytotoxic T lym phocytes.”  The 3 rd International Congress of Nanobiotechnology & 
Nanomedicine in San F rancisco, June 22-24, 2 009 Session Abstracts & Proceedings Table of 
Contents, T-A-6 AB PR. (Oral presentation, speaker A.V. Popov). 
3. A.V. Popov, T.M. Mawn, S. Ki m, G. Zheng, and E.J. Delikatny. “Design and Synthesis of  
Phospholipase C and A 2-Activatable Near Infrared Fluores cent Smart Probes”. J.  Amer. Chem. 
Soc. (Submitted) 
4. A.V. Popov, N.N. Anikeeva, E.J. Delikatny and Yu. Sykulev. “Lipid-Based Nanoparticles for 
Targeted Delivery of Near Infrared Fluorescing Agents into Breast Cancer Cells and Cytotoxic T 
lymphocytes.” Nano Letters. (In preparation) 
 
 

5. Conclusion:  
 
We have successfully b een able to produce lipid -based targeted nanoparticles suitable for NIR 
imaging. Most materials used to produce the nanoparticles are biodegradable and are approved or 
about to be approved for clinical applications. The introduction of cholesterol ester into the 
hydrophobic core of the nanoparticles generates the pa rticles of a small size and great stability at 
the conditions close to physiological ones. The self-assembling method to incorporate targeting 
agents into the nanoparticles bypa sses any chem ical m odifications and preserves the targeting  
molecule functional activity. The modular organi zation of the proposed technology enables a 
combinatorial approach in which a reperto ire of  protein ligands can be  utilized in conjugation 
with series of  imaging agents  coupled with li pids to yield a new gene ration of  multifunctional 
targeting nanocarriers. 
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Phospholipases (PLs) are ubiquitous enz ymes t hat perform  a 
number of critic al r egulatory func tions. The y c atalyze 
phospholipid breakdown and are categorized as A1, A2 (PLA2), C 
(PLC) and D (PLD) based on their site of action1 (Figure 1). 

Figure 1.  Phospholipase-mediated cleavage sites. 
Since PL A2 is  elevat ed in a num ber of dis eases (e.g. pros tate 

and breas t can cer, rh eumatoid arthritis, e tc)2 w e have chosen to 
develop probes that distinguish PLA2 from other PLs. In addition , 
since increased PLC is detected in melanoma, ovarian and br east 
cancers and PL C has been  im plicated in m aintaining the  hig h 
levels of phosp hocholine (PC) and phosphoethanolamine (PE) 
characteristic of  m any hum an t umors3, we are also developin g 
probes to specifically detect the actions of this enzyme. 

The primar y fo cus of this work is to develo p methods to 
investigate the expression and activity of PLs in vivo in mammals. 
The above diseases can be detect ed, monitored and in some cases 
treated using soft tissue penetrating near infrared (NIR) light.4 As 
a result we are employing optical imaging using NIR fluorophores 
(NIRF). 

Figure 2. Design of NIRF-bearing PLC- and PLA2-cleavable self 
quenched  phospholipids. 

Our approach is  to design sel f-quenching repor ter probes that 
release fluo rescent moieties only upon cleavage with  PLA 2 or  
PLC. The s tructures of thes e smart probes are depicted in F igure 
2. The hypothesis is that a bulky porphyrin moiety attached at the 
sn2-position without a spacer  w ould sterically  hinder  PLA 2 
activity whil e l eaving op en th e P LC cl eavage s ite, where as 
incorporation of  s pacers of different l ength wil l m ake the C-O 
bond at the sn2-position accessible for PLA2 mediated hydrolysis. 
We have chosen Pyropheophorbide a (Pyro, 1, λabs = 675 nm, λem 
= 725 nm) 5 as  a NIRF . F or quenchers, we employ either the 
positively charged Black Hol e Quencher-3 (BHQ-3)5 attached to 
the head group of the phospholipid or another neutral Pyro moiety 
at the sn1-position.  

Scheme 1. Synthesis of Pyro-PtdEtn-BHQ (4), PyroC12-PtdEtn-BHQ (7) and PyroC6-PyroC6-PtdCho (10) and structures for comparison of 
commercially available self-quenched PLA2-sensitive green fluorescent phospholipid probes PED6 (11) and B7701 (12). 

 Reagents, conditi ons ( all r eactions were per formed under  Ar  in dar k) and isolated  y ields ( relative to star ting NI RF 1, one ar row indicates one-pot 
reaction): (a) EDC, DMAP, DCM, rt, 72 h; (b) TFA, DCM, 0 °C, 4 h, 20%; (c) BHQ-3+-SU PF6

-, TEA, DCM, rt 12 h, 15%; (d) NHS, EDC, DMAP, DCM, 
rt, 3 h; (e) H2N(CH2)11CO2H, TEA, DCM, rt, 72 h,  85% (f) 2, EDC, DMAP, DCM, rt, 72 h; ( g) TFA, DCM, 0 °C, 4 h,  15%; (h) BHQ-3+-SU PF6

-, TEA, 
DCM, rt 12 h, 10%; (i) NHS, EDC, DMAP, DCM, rt, 3 h; (j) H2N(CH2)5CO2H, TEA, DCM, rt, 72 h, 75%; (k) EDC, DMAP, DCM, 40 °C, 85 h, 8% 
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Figure 3. Sensitivity of self-quenched fluorescent probes to different phospholipase isoforms as measured by fluorescence release on a plate reader. 
Scheme 1 demonstrates th e synthesis of three self-quench ed 

Pyro-bearing probes 4, 7 and 10. NIRF acid 1 was coupled with 
N-BOC Lyso-phosphatidylethanolamine (Lyso-PtdEtn, 2) under  
basic conditions in order to conserve the steric configuration   at 
the sn-2 site and avoid racemization .6 Next TFA-mediated  
BOC-deprotection resulted in the permanently fluorescent Pyro-
PtdEtn (3). In  the fina l s tep BHQ-3 was  attached to th e amino 
group of lipid 3 resulting in a self-quenching P yro-PtdEtn-BHQ 
(4). To incorporate spacers we have s ynthesized P yroC12- ( 5) 
and PyroC6- (8) acids. Acid 5 was used as des cribed above with 
acid 1 for pro duction of  the permanent lipid fluorophore  
PyroC12-PtdEtn ( 6), which was then converted  into its self-
quenched deriv ative ( 7). Two  m olecules of  ac id 8 were 
conjugated with sn-glycero-3-phosphocholine (9) to give rise to 
PyroC6-PyroC6-PtdCho ( 10) wh ere self-qu enching is achiev ed 
by interactions between the two NIRFs. 

Farber et al. h ad demonstrated that PLA 2 ac tivity c an be  
detected by visual fluorescence in transparent zebra fish larvae.7 
These and o ther probes  ar e now avail able com mercially 
(Scheme 1, compounds 11, 12). The sensitivity  of those  
phospholipids 11, 12 to PLs other than PLA 2 was not te sted at 
that time. As seen from Scheme 1 compounds 4, 7 and 11 have a 
fluorophore attached at th e sn-2 position and  a quencher bound 
to the nitrogen  atom of the PE head . Compou nds 10 and  12 
exploit self-quenching of two of the same fluorophores attached 
to the sn-1 and sn-2 positions.  

We have tested our three self-quenched probes 4, 7 and 10 as 
well as commercial probes 11 and 12 as substra tes for differen t 
phospholipases. The results ar e presented in Fig ure 3. Probe 4 
revealed high s elective sensitiv ity to PLC , par ticularly to  the  
PC-PLC isoform  (Fig. 3a), w hile sensit ivity to other t ested 
phospholipases including PLA 2 is negligible. NI RF compounds 
10 and 7 were tested as pote ntial PLA 2-sensitive prob es in  
comparison with their  visible counterparts  12 and 11, 
respectively. P tdCho 10 revealed significan t background  
fluorescence (Fig. 3b) because both substituents at sn-1 and sn-2 
positions are self-fluorescen t an d th eir quen ching efficiency  is  
not high. Only a modest (10%) fluorescence incr ease was  
detected under the action of PLA 2, similar to those observed for 
the vis ible an alog 12 (Fig. 3f) . In contrast th e C 12-spacered 
PtdEtn 7 demonstrated a rem arkable selectivity for PLA2 (Fig.  

3c) and the b est rela tive PLA 2/PLC sensitivi ty, signifi cantly 
outperforming the magnitude of the b est pr eviously known 
probe 11 (Fig. 3e). Moreov er, this constr uct exhibited  
significant PLA 2 isoform  speci ficity with Porc ine sPLA 2 IB  
demonstrating the highest activity (Fig. 3d). 

In conclusion, we have design ed, synthesized and tested for  
the first time n ear-infrared se lf-quenched phos pholipid prob es 
that reveal high sensitivity to PLC and PLA2. These results open 
an avenue for future in vivo experiments with mammals and for 
the development of sensitive new probes to detect PL activity. 
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Abstract 

The primary focus of this work was to develop activatable probes suitable for in vivo detection of phospholipase activity. 
Phospholipases (PLs) are ubiquitous enzymes that perform a number of critical regulatory functions. They catalyze 
phospholipid breakdown and are categorized as A1, A2 (PLA2), C (PLC) and D (PLD) based on their site of action. Here we 
report the design, synthesis and characterization of self-quenching reporter probes that release fluorescent moieties upon 
cleavage with PLA2 or PLC.  A series of phospholipids were synthesized bearing the NIR fluorophore Pyropheophorbide a 
(Pyro) at the sn2-position. Fluorescence quenching was achieved by attachment of either a positively charged Black Hole 
Quencher-3 (BHQ-3) to the phospholipid head group or another neutral Pyro moiety at the sn1-position.  The specificity to 
different phospholipases was modulated by insertion of spacers (C6, C12) between Pyro and the lipid backbone. The specificity 
of the quenched fluorescent phospholipids were assayed on a plate reader against a number of phospholipases and 
compared with two commercial probes bearing the visible fluorophore BODIPY. While PyroC6-PyroC6-PtdCho revealed 
significant background fluorescence, and a10% fluorescence increase under the action of PLA2, Pyro-PtdEtn-BHQ 
demonstrated high selective sensitivity to PLC, particularly to the PC-PLC isoform, and its sensitivity to PLA2 was negligible 
due to steric hindrance at the sn2-position. In contrast, the C12-spacered PyroC12-PtdEtn-BHQ demonstrated a remarkable 
selectivity for PLA2 and the best relative PLA2/PLC sensitivity, significantly outperforming previously known probes. These 
results open an avenue for future in vivo experiments and for new probes to detect PL activity. 
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List of abbreviations  

BHQ-3 carboxylic acid – black hole quencher-3, 3-diethylamino-5-phenylphenazium-7-

diazobenzene-4''-(N-methyl)-N-butyric acid 

BHQ-3+-SU PF6
- – succinimidyl ester of BHQ-3 carboxylic acid, hexafluorophosphate 

BOC – tert-butoxycarbonyl 

Cho – choline 

DCM – dichloromethane, CH2Cl2 

DMAP – 4-dimethylaminopyridine 

EDC – 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, hydrochloride salt 

Etn – ethanolamine 

H2N(CH2)11CO2H – λ-aminolauric acid 

H2N(CH2)5CO2H – ε-aminocaproic acid 

Invitrogen PED6 – N-((6-(2,4-dinitrophenyl)amino)hexanoyl)-2-(4,4-difluoro-5,7-dimethyl-4-

bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt 

Invitrogen B77101 – 1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

undecanoyl)-sn-glycero-3-phosphocholine  

MALDI-TOF – Matrix Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 

N-BOC Lyso PtdEtn – 1-palmytoyl-sn-glycero-3-phosphoethanolamine-N-(tert-butoxycarbonyl) 

(sodium salt) 

NHS – N-hydroxysuccinimide 

NIR – near infrared 

NIRF – near infrared fluorophore 

PC – phosphocholine 

PC-PLC – phosphatidylcholine-specific phospholipase C  

PC-PLD – phosphatidylcholine-specific phospholipase D 

PE – phosphoethanolamine 

PI-PLC – phosphatidylinositol-specific phospholipase C 

PL – phospholipase 

PLs – phospholipases 

PtdCho – phosphatidylcholine 
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PtdEtn – phosphatidylethanolamine 

Pyro – pyropheophorbide a  

Pyro-SU – succinimidyl ester of pyropheophorbide a 

PyroC12 acid – λ-Pyropheophorbideamidolauric acid or 173-deoxy-173-

(α-carbhydroxyundecylene-λ- amino)pyropheophorbide a 

PyroC12-PtdEtn – 1-palmitoyl-2-(λ-pyropheophorbideamidolauroyl)-sn-glycero-3-

phosphoethanolamine 

PyroC12-PtdEtn-BHQ – 1-palmitoyl-2-(λ-pyropheophorbideamidolauroyl)-sn-glycero-3-

phosphoethanolamide of BHQ-3 carboxylic acid 

PyroC6 acid – ε-Pyropheophorbideamidocaproic acid or 173-deoxy-173-(α-

carbhydroxypentylene-ε-amino)pyropheophorbide a 

PyroC6-PyroC6-PtdCho – 1,2-bis(ε-pyropheophorbideamidocaproyl)-sn-glycero-3-

phosphocholine 

Pyro-PtdEtn – 1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phosphoethanolamine 

Pyro-PtdEtn-BHQ – 1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phosphoethanolamide of 

BHQ-3 carboxylic acid 

SMase – sphingomyelinase 

sPLA2 – secretory phospholipase A2 

TEA, Et3N – triethylamine 

TFA – trifluoroacetic acid 

TLC – thin layer chromatography 

 

 

I. General Information 

Dry solvents were pur chased f rom ACROS Or ganics. Regular so lvents and Celite we re 

purchased from  Fisher Scientific. Spirulina Pacifica algae (the starting m aterial for 

Pyropheophorbide a) was purchased from  Cya notech Corporation, Kailua-Kona, H I, USA. N-

BOC Lyso PtdEtn (N-Boc16:0 Lyso PE) was purch ased from  Avanti Po lar Lipids, Inc., 

Alabaster, AL, USA. BHQ-3 carboxylic acid succinimidyl ester hexafluorophosphate was  

purchased from  Bioresearch T echnologies, Novat o, CA, USA. Other reagen ts/reactants were 

purchased from Sigma-Aldrich and used without fu rther purification. Silica Gel Standard Grade 
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(230x450 mesh) was purchased from  Sorbent Tec hnologies, Atlanta, GA, USA. Thin Layer 

Chromatography Plates,  Partsil® PK6F, Silic a Gel 60 Å, 20x20 c m, were purchased from 

Whatman, washed with EtAc-MeOH (60:40, v/v) a nd baked at 150 °C overnight before use. All 

chemical reactions with pyropheophorbide a a nd its de rivatives were  car ried out in the  dar k 

under dry Ar. 1H NMR spectra w ere recorded usi ng a Bruker DMX  360 MHz spectrom eter. 

MALDI-TOF m ass-spectra were recorded with an Applied Biosystem s Voyager DE Mass  

Spectrometer using a  positive mode ionization and CHCA (α-Cyano-4-hydroxycinnamic Acid)  

or HABA (2-(4-hydroxyphenylazo)benzoic acid) matrix. Time-dependent release of fluorescence 

was measured using a SpectraMax M5 fluorescent plate reader. 

PC-PLC ( Bacillus cereus), P I-PLC ( B. cereus), SM ase ( B. cereus), PC-P LD 

(Streptomyces chromofuscus), type IA sPLA 2 (naja mossambica mossambica), ty pe IB sPLA 2 

(porcine pancreas), and type IB sPLA 2 (bovine pancreas) were obtained from  Sigma (St. Louis,  

MO). Human recombinant type V sPLA2 was obt ained from ProSpec-Tany TechnoGene, Ltd. 

(Rehovot, Israel). Phospholipases  were dissolved in Tris buffe r (50 mM Tris-HCl, pH 7.4) and 

stored in aliquots at -20 °C.  

 

 

II. Synthesis 

Pyropheophorbide a (1) was prepared from Spirulina Pacifica algae according to procedure 

[1]. 

 

General procedure for synthesis of N-Pyropheophorbide substituted ω-amino acids 

(PyroC6 and PyroC12 acids) 

A 200 m L round bottom flask was char ged with pyropheophorbide acid ( 1) (0.38 m mol), NHS 

(0.38 mmol), EDC (0.38 mm ol), DMAP (23.3 mg. 0.19 mmol) and 200 m l of dry DCM. The  

reaction mixture was stirred in dark under Ar for 3 h until Pyropheophorbide acid was converted 

completely into its succinimidyl ester (TLC CHCl3/MeOH = 5/1, v/v). Then H 2N(CH2)nCO2H (n 

= 5, 11, 0.38 mm ol) and dry pyrid ine (25 m l) were added. The second  reaction was carried out 

for 48 h until com plete conversion  of Pyro-SU. Th e solvents were then evaporated; th e solid 

residue was dissolved in 100 m l of GCM, rinsed twice with 2%  HCl, then water. The product 
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was isolated by column chromatography on silica gel using (DCM-ethyl acetate (0-1 00%), then 

ethyl acetate-MeOH (0-40%)). Isolated yields are 75-85%. 

 

ε-Pyropheophorbideamidocaproic acid or 173-deoxy-173-(α-carbhydroxypentylene-ε-

amino)pyropheophorbide a, PyroC6 acid (8) 

N

HNN

NH

O

O N
H

1
20 10

5

17

172
175

A B

CD

O

OH
177 179

174

132

21

31
32

71

81

82

121

171

181

18

176 178
 

 

Yield 75%. 1H NMR (360 MHz, CDCl 3, CD3OD δ ppm): 9.14, 9.02 an d 8.38 (each  s, 1H, 5- H, 

10-H and 20- H); 7.74 (dd, J=11.5 Hz, J=17.6 Hz, 1H, 3 1-CH=CH2); 6.09 (d, J=17.6 Hz, 1H, 

trans-32-CH=CHH); 5.99 (d, J=11.5 Hz, 1H, cis-32-CH=CHH); 5.03 (AB, A=5.11, B=4.96, 

JAB=20.2 Hz, 2H, 13 2-CH2); 4.32 (q, J=8.1 Hz, 1H, 18- H); 4.12 (dm , 8.7 Hz, 1H, 17- H); 3.45-

3.32 m 5H, 3.27-3.12 m 5H and  2.94 s 3H (2 1-CH3, 121-CH3, 71-CH3, 81-CH2, 175-CH2); 2.61-

2.39 m 2H and 2.31-2.08 m  4H (17 2-CH2, 179-CH2, 171-CH2); 1.77-1.40 m  10H (18 1-CH3, 82-

CH3, 17 6-CH2, 17 8-CH2); 1-36-1.21 (m , 2H, 17 7-CH2). MALDI-TOF, m/z: (M +Na)+ 670.41, 

calculated for C39H45N5NaO4 670.34. 

 

λ-Pyropheophorbideamidolauric acid or 173-deoxy-173-(α-carbhydroxyundecylene-λ- 

amino)pyropheophorbide a, PyroC12 acid (5) 
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N
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Yield 85%. 1H NMR (360 MHz, CDCl 3, CD3OD δ ppm): 9.17, 9.06 an d 8.41 (each  s, 1H, 5- H, 

10-H and 20- H); 7.77 (dd, J=11.5 Hz, J=17.6 Hz, 1H, 3 1-CH=CH2); 6.11 (d, J=17.6 Hz, 1H, 

trans-32-CH=CHH); 6.02 (d, J=11.5 Hz, 1H, cis-32-CH=CHH); 5.06 (AB, A=5.14, B=4.99, 

JAB=20.2 Hz, 2H, 13 2-CH2); 4.36 (q, J=8.1 Hz, 1H, 18- H); 4.15 (dm , 8.7 Hz, 1H, 17- H); 3.51-

3.35 m 5H, 3.30-3.14 m 5H and  2.98 s 3H (2 1-CH3, 121-CH3, 71-CH3, 81-CH2, 175-CH2); 2.67-

2.41 m 2H and 2.35-2.08 m  4H (17 2-CH2, 1715-CH2, 171-CH2); 1.79-1.46 m  10H ( 181-CH3, 82-

CH3, 17 6-CH2, 17 14-CH2); 1.44-1.12 ( m, 14H, 17 7-1713 7xC H2). MALDI-TOF, m/z: (M+Na) + 

754.51, calculated for C45H57N5NaO4 754.43.  

 

General procedure for synthesis of 2-pyropheophorbide a  (with and without C12 spacer) 

substituted 1-palmitoyl-sn-glycero-3-phosphoethanolamines 

A 200 mL dry flask was charged with N-BOC Lyso PtdEtn (0.87 mmol), a Pyro-containing acid 

(0.87 mm ol), EDC (1.30 mmol), DMAP (0.43 mmol) and DCM ( 70 mL). The c onversion of 

Pyro-acid was m onitored by TLC (CHCl 3/MeOH = 4/2). After 72 h the reaction m ixture was 

diluted with hexanes (30 mL) and passed throu gh a sm all column with Celite to  eliminate non-

soluble by-products.  After evaporation of solvents , the solid was dissolved  in a small amount of 

DCM and moved into a dry 100 m L flask. After solvent evaporation the residue was dried under 

high vacuum overnight.  Then dry DCM (25 mL) was added, the f lask was cooled until -20 °C 

and TFA (5 m L) was added. The BOC-deprotecti on reaction was carried out at 0 °C 4 h. 

Following that, dry toluene (20 m L) was added (to avoid TF A concentrating under evaporation) 
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and volatiles were removed under vacuum . The so lid residue was treated with 5% solution of  

Et3N in DCM (30 m L) to neutralize traces of TF A. After liquids evaporation the residue was 

dried under high vacuum overnight. This residue was then dissolved in dry CHCl3 and put onto 6 

preparative TLC plates. Preparative TLC (20%  MeOH in CHCl 3) resulted in th e Pyro-PtdEtn  

derivative as a dark green amorphous solid.  

1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phosphoethanolamine, Pyro-PtdEtn (3) 
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Yield 20%. Rf = 0.40 (CHCl3/CH3OH = 4/1, v/v). 1H NMR (360 MHz, CDCl 3/CD3OD, δ ppm): 

9.37, 9.28 and 8.50 (each s, 1H, 5- H, 10-H and 20-H); 7.93 (dd, J=11.5 Hz, J=17.6 Hz, 1H, 3 1-

CH=CH2); 6.24 (d, J=17.6 Hz, 1H, trans-32-CH=CHH); 6.13 (d, J=11.5 Hz, 1H, cis-32-

CH=CHH); 5.40-5.01 m 3H (21- H, 132-CH2); 4.45 m 2H and 4.32-3.94 m  6H (18-H, 17-H, 22- 

CH2, 39-CH2, 40-CH2); 3.71-3.51 m 5H, 3.47-3.29 m  5H and  3.18 s 3H (2 1-CH3, 121-CH3, 71-

CH3, 81-CH2, 41-CH2); 3.12-2.53 m 2H and 2.41-2.14 m  4H (172-CH2, 24-CH2, 171-CH2); 1.85-

1.56 m 8H  and 1.45-1.14 m 24H (181-CH3, 82-CH3, 25-37 13xCH2); 1.05-0.87 (m, 3H, 38-CH3). 

MALDI-TOF, m/z: (M+Na)+ 992.69, calculated for C54H76N5NaO9P 992.53.  

 

1-palmitoyl-2-(λ-pyropheophorbideamidolauroyl)-sn-glycero-3-phosphoethanolamine, 

PyroC12-PtdEtn (6) 
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Yield 18%. Rf = 0.25 (CHCl3/CH3OH = 4/1, v/v). 1H NMR (360 MHz, CDCl 3/CD3OD, CD2Cl2, 

δ ppm): 9.18, 9.07 and 8.42 (each  s, 1H, 5- H, 10-H and 20-H); 7.79 (dd, J=11.5 Hz, J=17.6 Hz, 

1H, 31-CH=CH2); 6.13 (d, J=17.6 Hz, 1H, trans-32-CH=CHH); 6.04 (d, J=11.5 Hz, 1H, cis-32-

CH=CHH); 5.18-4.93 m 3H (21-H, 132-CH2, overlapped partially with CD2Cl2); 4.60-3.96 m 8H 

(18-H, 17-H, 22-CH2, 39-CH2, 40-CH2); 3.55-2.91 m , m and s 15H, (2 1-CH3, 121-CH3, 71-CH3, 

81-CH2, 175-CH2, 41-CH2); 2.64-2.11 m 8H (172-CH2, 24-CH2, 171-CH2, 1715-CH2); 1.85-1.14 m 

50H (181-CH3, 82-CH3, 25-37 and 17 6-1714 22xCH2); 1.06-0.90 (m, 3H, 38-CH3). MALDI-TOF, 

m/z: (M+Na)+ 1189.86, calculated for C66H99N6NaO10P 1189.71. 

General procedure for synthesis of Pyro-PtdEtn-BHQ and PyroC12-PtdEtn-BHQ 

A 100 mL flask was loaded with a Pyro-containing PtdEtn ( 3 or 6) (0.013 mmol), BHQ-3 +-SU 

PF6
- (0.013 mmol) and 50 mL of dry DCM.  After dissolution 1 drop of Et 3N was added. The 

reaction was carried out for 4 h. Volatiles were re moved in a rotary evap orator and the residue 

was dried under high vacuum  over night. The residue was dissolved in CHCl 3 and put onto 4 
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preparative TLC plates. Thin layer preparative chromatography gave in result the final product as 

a dark sea-green amorphous solid. 

 

1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phosphoethanolamide of BHQ-3 carboxylic 

acid, Pyro-PtdEtn-BHQ (4) 
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Yield 75%. R f = 0.6 (CHCl 3/CH3OH = 5/1, v/v). 1H NMR (360 MHz, CDCl 3, CD3OD, δ ppm): 

9.39, 9.29 and 8.54 (each s, 1H, 5- H, 10-H and 20-H); 8.09-6.46 m 16H (50-H, 51-H, 53-H, 54-

H, 56-H, 57-H, 60-H, 61-H, 63-H, 72-76 5x H, 3 1-CH=CH2, overlapped partially with CDCl 3); 

6.26 (d, J=17.6 Hz, 1H, trans-32-CH=CHH); 6.15 (d, J=11.5 Hz, 1H, cis-32-CH=CHH); 5.33-

5.05 m  3H (21- H, 13 2-CH2); 4.51-3.89 (m , 8H, 18- H, 17- H, 22-C H2, 39-C H2, 40-C H2); 3.70-

3.08 m 19H and 2.90 s 3H (21-CH3, 121-CH3, 71-CH3, 47-CH3 81-CH2, 41-CH2, 46-CH2, 67-CH2, 

69-CH2); 2.74-2.14 (m , 8H, 17 2-CH2, 24-CH2, 171-CH2, 44-CH2); 1.96-1.10 (m , 40H, 18 1-CH3, 

82-CH3, 68-C H3, 70-C H3, 25-37 and 46- 14xC H2); 1.04-0.86 (m , 3H, 38-C H3). MALDI-TOF, 

m/z: (M+Na)+ 1520.93, calculated for C87H108N11NaO10P 1520.79. 

 

1-palmitoyl-2-(λ-pyropheophorbideamidolauroyl)-sn-glycero-3-phosphoethanolamide of 

BHQ-3 carboxylic acid, PyroC12-PtdEtn-BHQ (7) 
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Yield 57%. Rf = 0.3 (CHCl3/CH3OH = 5/1, v/v).  1H NMR (360 MHz, CDCl3,CD3OD, CD2Cl2, δ 

ppm): 9.19, 9.09 and 8.44 (each s, 1H, 5- H, 10-H and 20-H); 8.06-6.52 m 16H (50-H, 51-H, 53-

H, 54- H, 56- H, 57- H, 60- H, 61- H, 63- H, 72-76 5x H, 3 1-CH=CH2, overlapp ed partially with  

CDCl3); 6.14 (d, J=17.6 Hz, 1H, trans-32-CH=CHH); 6.05 (d, J=11.5 Hz, 1H, cis-32-CH=CHH); 

5.24-4.93 m 3H (21-H, 132-CH2, overlapped partially with CD2Cl2); 4.65-3.94 (m, 8H, 18-H, 17-

H, 22-CH2, 39-CH2, 40-CH2); 3.59-3.13 m 18H, 2.98 s 3H and 2.90 s 3H (2 1-CH3, 121-CH3, 71-

CH3, 47-C H3, 8 1-CH2, 17 5-CH2, 41-C H2, 46-C H2, 67-C H2, 69-C H2); 2.64-2.10 (m , 10H, 17 2-

CH2, 24-CH2, 171-CH2, 1715-CH2, 44-CH2); 1.93-1.08 (m , 58H, 18 1-CH3, 82-CH3, 68-CH3, 70-

CH3, 25-37, 46- and 176-1714 23xCH2); 1.05-0.95 (m, 3H, 38-CH3). MALDI-TOF, m/z: (M+Na)+ 

1718.14, calculated for C99H131N12NaO11P 1717.97. 

 

Synthesis of 1,2-bis(ε-pyropheophorbideamidocaproyl)-sn-glycero-3-phosphocholine, 

PyroC6-PyroC6-PtdCho (10) 
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A 100 mL flask was loaded with sn-glycero-3-phosphocholine ( 9) (0.026 mm ol), ε-

Pyropheophorbideamidocaproic acid (8) (0.077 mmol), and 50 m L dry MeOH. The mixture was 

stirred 1h at rt. Then methanol was evaporated  under low pressure and the resulting fil m was  

dried under high vacuum overnight. Next, EDC (0.077 mmol), DMAP (0.077 mmol) and dry 

DCM (50 mL) were added to the flask. The react ion m ixture was stirred in dark under Ar at 

40 °C for 85 h. After that the solution was rinsed with 0.5N HCl, and dried over N a2SO4. After 

solvent evaporation the m ixture was dissolved  in DCM and put onto three preparative TLC 

plates. Prep arative TL C with CHCl 3/MeOH (3/1, v/v) resulted in a m ixture of m ono- and  

disubstituted sn-glycero-3-phosphocholines (Rf=0.1-0.2). The latter was separated a second tim e 

on TLC p lates with CHCl 3/MeOH/H2O ( 2/1/1, v/v/v). The target product (R f=0.35, 

CHCl3/MeOH/H2O = 2/1/1, v/v/v) was isol ated with the yield of 11% as an am orphous dark 

green solid. 1H NMR (3 60 MHz, CDCl3, CD3OD, CD2Cl2, δ ppm): 9.36, 9.27, 9.16, 9.04, 8.49, 

and 8.40 (each s, 1H, 5-H, 10-H, 20-H, 51-H, 101-H and 201-H); 7.99-7.70 (m, 2H, 31-H and 31
1-

H), 6.30-5.98 (m , 4H, 3 2-CH2 and 3 1
2-CH2), 5.33-4.93 (m , 5H, 21- H, 13 2-CH2 and 13 1

2-CH2, 

overlapped partially with CD 2Cl2); 4.52-3.90 (m, 10H, 18- H, 17-H, 181-H, 171-H, 22-CH2, 39-

CH2, 40-CH2); 3.67-2.93 (m , 37H, 2 1-CH3, 2 1
1-CH3, 12 1-CH3, 12 1

1-CH3, 7 1-CH3, 7 1
1-CH3, 77-
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CH3, 78-CH3,  79-CH3, 81-CH2, 81
1-CH2, 175-CH2, 171

5-CH2, 41-CH2, overlapped partially with 

CD3OD); 2.71-2.10 (m, 12H, 172-CH2, 179-CH2, 171-CH2, 171
2-CH2, 171

9-CH2, 171
1-CH2); 1.83-

1.46 (m , 20H, 18 1-CH3, 8 2-CH3, 17 6-CH2, 17 8-CH2, 18 1
1-CH3, 8 1

2-CH3, 17 1
6-CH2, 17 1

8-CH2); 

1.36-1.20 (m, 4H, 17 7-CH2, 17 1
7-CH2). MALDI-TOF, m/z: (M+Na) + 1538.92, calculated for 

C86H106N11NaO12P 1538.77. 



 Page 43 

 III. 1H NMR Spectra  
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IV. Enzyme mediated probe cleavage 

The specificity of each probe to a series of phospholipases was determined by measuring 

fluorescence release in an in vitro assay. Probes were prepared in egg-phosphatidylcholine 

vesicle by adding fluorophores to a measured amount of egg-PtdCho in chloroform.  Probe 

concentration was determined using the Beer-Lambert law by measuring optical density at 418 

nm and using an extinction coefficient of 110,000 M-1cm-1.  Chloroform was removed by 

evaporation, and the resulting film was resuspended in 50 mM Tris-HCl, pH 7.4, sonicated and 

vortexed until optically clear. The final concentration was 1 µM self-quenched phospholipid 

probe in 50 µM egg-yolk-PtdCho vesicles (i.e. mole fraction of 0.02). Lipid dispersions were 

aliquotted into 96-well plates at volumes of 100 µL. Reaction mixtures were incubated for 10 

minutes at 37°C and reactions were started by addition of 10U of enzyme. The time-dependent 

release of fluorescence was measured using a Molecular Devices SpectraMax M5 fluorescent 

plate reader (λEx 418 nm, λEm 675 nm for the Pyro-derivatives, λEx 488 nm, λEm 530 nm for the 

BODIPY- derivatives).  
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